Mining for Vertebrate Clock Genes
circadian period 1 hour longer than normal in constant darkness (DD). This long-period phenotype was inherSearching for circadian clock genes is like mining for gold. Some strike it rich, while most come up with nothited as a semidominant autosomal mutation and named Clock. Homozygous Clock mice manifest very long periing but worthless rocks. Everyone has their pet strategy for mining vertebrate clock genes. Several laboratories ods (27-28 hours) on initial placement in DD and then become arrhythmic after a few weeks in DD. Interestuse molecular approaches that depend on making major assumptions about the nature of candidate clock genes.
ingly, a 6-hour light pulse to arrhythmic mice quickly reestablishes the long-period rhythmicity of mice mainFor example, homology screening protocols (e.g., polymerase chain reaction [PCR] with degenerate primers, tained in DD. The Clock phenotype appears to be limited to abnormalities of the circadian system, since no other yeast two-hybrid screens for PER-or TIM-interacting proteins) assume that vertebrate clock genes will bear obvious behavioral or anatomical defects were noted. The Clock mutation was then mapped by linkage analysome resemblance to those in Drosophila. Other strategies are based on the assumption that vertebrate clock sis to the midportion of mouse chromosome 5. The homozygous Clock phenotype was interpreted as genes, like clock genes in other organisms, will show large daily oscillations in steady-state mRNA levels (e.g.,
showing that the Clock gene regulates two fundamental properties of circadian clocks, circadian period (heterouse of subtracted cDNA libraries, differential display of mRNA by PCR). Once novel oscillating genes have been zygous and homozygous mutants show an abnormally long period in DD) and the persistence of rhythmicity cloned from vertebrate clock-containing structures (e.g., mammalian SCN, avian pineal gland, and Xenopus (homozygous mutants eventually become arrhythmic in DD). This was taken as strong evidence that Clock enretina), a variety of in vivo and in vitro gene knockout strategies are then needed to assess function.
codes an actual clock element. However, the gradual degeneration of rhythmicity in DD and the rapid light The differential display approach to vertebrate clock genes has had some success. For example, a novel pulse-induced restoration of rhythmicity in previously arrhythmic homozygous Clock mutants suggested an clock-regulated gene termed nocturnin was recently cloned from a circadian clock in Xenopus retina (Green alternative ("pyrite") explanation for Clock's function; namely, that Clock encodes a protein involved in and Besharse, 1996) . However, it is not yet known whether nocturnin is a clock element (clock gene) or a strengthening the interactions (coupling) between the multiple circadian clocks that comprise the collective clock-controlled gene (i.e., downstream from the central clock mechanism). The clock function of nocturnin SCN. In support of this coupling theory, mice deficient in the highly polysialylated form of the neural cell adhesion should now be tractable with the recent development of large-scale transgenesis in Xenopus (Kroll and Amaya, molecule (PSA-NCAM) exhibit significantly shorter circadian periods than wild-type animals in DD (Shen et 1996) .
Joseph Takahashi and colleagues at Northwestern al., 1997). By three weeks in DD, wheel-running behavior in homozygous PSA-NCAM mutant mice is also arrhythUniversity have championed a "forward" genetic approach (from phenotype to gene) to identify clock genes mic, very reminiscent of the homozygous Clock phenotype. So in some circadian camps, debate has ensued in mice (Takahashi et al., 1994) . This genetic approach to behavior has historical significance, because it is the as to whether Clock actually encodes a clock element or a clock effector involved in coupling. same strategy that Konopka and Benzer used in 1971 to discover the per locus in Drosophila. Mice are subThe Mouse Circadian Clock Gene Is Cloned Now, a pair of papers in this issue of Cell tilts this debate jected to high efficiency chemical mutagenesis, and the second generation progeny are then directly screened toward the clock element side (Antoch et al., 1997; King et al., 1997a) . These reports describe two complemenfor dominant circadian clock mutations. The beauty of this approach is that it makes no assumptions about tary approaches, positional cloning and functional rescue, that have led to the molecular identification of the nature of mammalian clock genes or their molecular mechanism. Since the circadian behavior of wheel-runClock. The initial positional cloning strategy involved localizning activity in mice is very precise and easily measured in individual animals, mutation-induced changes in peing Clock by high resolution genetic mapping to a 0.2 cM interval in the midportion of mouse chromosome 5 riod length (monitored under constant conditions) can be readily determined; significant alterations in period (King et al., 1997b) . Yeast artificial chromosome and bacterial artificial chromosome (BAC) contigs were then length would imply alterations to the basic clock mechanism. Once mutants are identified, the task of positional constructed for the nonrecombinant region containing Clock ‫004ف(‬ kb; King et al., 1997a) . Of the different cloning a mutation is now quite feasible in the mouse (see Takahashi et al., 1994) . One limitation to such a approaches to identify candidate genes in the nonrecombinant Clock interval, shotgun sequencing hit pay genetic screen is that it will only detect dominant or semidominant mutations, but this seems a reasonable dirt. The sequence of one genomic clone showed striking similarity to the PAS domain of recently identified gamble given the semidominant nature of most clock mutants in other organisms.
basic helix-loop-helix (bHLH)-PAS genes. The potential significance of the PAS sequence cannot be overstated The Forward Genetic Approach Produces Clock In 1994, Takahashi's laboratory reported the results of and must have had the Takahashi lab icing bottles of champagne. The PAS domain is not only found in several their initial genetic screen, the discovery of the Clock locus (Vitaterna et al., 1994) . In analyzing ‫003ف‬ gametes bHLH transcription factors, but it is also found in the circadian clock protein PER of Drosophila! In fact, PAS from mice treated with the alkylating agent N-ethyl-Nnitrosourea, one animal was found that expressed a is an acronym for the first three proteins found to share 1996) , as well as in the SCN. Clock also is expressed in and homozygous Clock mutants, strongly suggesting other brain regions and several peripheral tissues (heart, that the clone contained the entire Clock gene, including liver, kidney, testis, and ovary), which suggests that coding region and regulatory elements. Interestingly, CLOCK participates in other, noncircadian transcripthis transgene also significantly shortened the period of tional activities. In fact, other members of the bHLHwild-type mice (see below). Further transgenic analysis PAS transcription factor family have a broad range of of the overlapping clones functionally mapped Clock effects on development and nuclear signaling (see referto the transcription unit encoding the PAS-containing ences in King et al., 1997a) . It is possible that CLOCK gene. As the authors point out, the use of transgenes to may participate in other rhythmic activities in these other rescue a mutant phenotype provides the most powerful tissues. PER is expressed widely in the body of Drosophmeans to prove that a cloned candidate gene is the one ila, for example, and PER is also essential for expression responsible for the mutant phenotype (Antoch et al., of the high frequency male courtship rhythm that origi-1997).
nates in the thoracic nervous system (reviewed by Hall, Cloning of the Clock gene and cDNA revealed that 1995). Clock is a large ‫001ف(‬ kb), complex (24 exons) gene Clock provides a major entry site into the molecular encoding a novel member of the bHLH-PAS family of mechanism(s) of circadian clocks in mammals. The motranscription factors (King et al., 1997a) . In addition to lecular identification of Clock will surely initiate a flurry of a bHLH region (DNA binding domain) and PAS region knockout studies and stimulate intense protein-protein (protein dimerization domain), CLOCK also contains a interaction cloning strategies to look for CLOCK partglutamine-rich (Q-rich) carboxyl terminus, which may be ners. It will be important to determine whether Clock important for transcriptional activation (Figure 1 ). Sefulfills the criteria set forth for canonical clock genes quence analysis of the Clock gene, comparing wild-type (e.g., rhythm in activity or amount, molecular evidence and Clock mutant animals, revealed a point mutation at of feedback; outlined in Dunlap, 1996) . A role for Clock a splice donor site in mutant mice resulting in deletion in entrainment and/or output pathways also needs to of exon 19, which encodes 51 amino acids from the be assessed. It will be most interesting to determine Q-rich region at the carboxyl end of CLOCK ( Figure  whether the tau mutation of the hamster is an allele of 1) (King et al., 1997a) . The authors speculate that this
Clock. Assaying the cell-autonomous nature of CLOCK deletion could render CLOCK unable to fully activate function in the SCN should be possible using the in vitro transcription, while it would likely retain the ability to assay of single SCN neurons (Welsh et al., 1995) . bind DNA and dimerize with partners. The mutant protein Circadian Clock Mechanisms: Convergent would thus compete with nonmutant CLOCK for binding or Divergent Evolution? partners and/or DNA binding sites, explaining the appar-
The three cloned and characterized clock genes essenent dominant negative behavior of the mutant allele tial for circadian function are the per and tim genes in (King et al., 1997a) .
Drosophila and the frequency (frq) gene in the fungus A defective transactivation domain may also explain Neurospora crassa (reviewed by Hall, 1995; Dunlap, some interesting phenotypic aspects of the mutant allele 1996). Interestingly, these genes appear to share little and the fullness of rescue in complementation experistructural similarity to each other. The common feature ments. By assessing the effect of a deletion of portions shared by these three genes is that each participates of chromosome 5 known to contain the Clock gene, in an autoregulatory transcriptional feedback loop. This Clock was shown to be an antimorph or competitive suggests divergent evolution of clock components and convergent evolution of central clock mechanisms. But dominant negative mutation (King et al., 1997b) . Clock/ encode PAS-containing DNA binding proteins that are necessary for photic responses in Neurospora, including circadian responses to light. Recent data also suggest that wc-2 is a necessary element of the fungal circadian clock positively regulating frq transcription. Thus, PAScontaining transcription factors may function as necessary elements of circadian clocks over a wide evolutionary distance (Crosthwaite et al., 1997) . Getting back to Clock, it is also possible that recurrence of the PAS domain is an evolutionary red herring and that the biochemical and molecular functions of CLOCK will reveal entirely new twists on transcriptional/translational control mechanisms of circadian clocks ( Figure 2C ). Let's Have a Party! This year marks the silver anniversary of the discovery of the circadian clock function of the mammalian SCN (see Klein et al., 1991) . Over the past 25 years, great progress has been made in understanding the physiological basis of mammalian circadian rhythms. Progress has been slower, however, on the cellular, biochemical, molecular, and genetic fronts. The cloning of the first candidate clock gene from a mammal should help ensure that progress over the next 25 years accelerates to CLOCK-breaking speed. Figure 2A) . A second possibility is that 1724-1733. Clock's transcriptional activity may be driven by more Tosini, G., and Menaker, M. (1996) . Science 272, [419] [420] [421] dynamically regulated CLOCK partners ( Figure 2B ). 
